We investigated a possible association between polymorphisms in vitamin D binding protein (GC) and vitamin D receptor (VDR) genes and obesity in Bahraini adults. For this purpose, 406 subjects with varying body mass index (BMI) were selected. Plasma levels of 25-hydroxyvitamin D3 (25OHD3) were measured by chemiluminescence immunoassay. Six single nucleotide polymorphisms (SNPs), two in the VDR gene (rs731236 TC and rs12721377 AG) and four in the GC gene (rs2282679 AC, rs4588 CA, rs7041 GT, and rs2298849 TC), were genotyped by real time PCR. We found that the rs7041 minor allele (G) and rare genotype (GG) were associated with higher BMI (p = 0.007 and p = 0.012, respectively), but they did not influence 25OHD3 levels. However, the minor alleles of rs2282679 (A) and rs4588 (C) were associated with low 25OHD3 plasma levels (p = 0.039 and p = 0.021, respectively), but not with the BMI. Having categorized the subjects based on their sex, we found: i) rs7041 GG associated with high BMI in females (p = 0.003), ii) rs4588 CC associated with high BMI in females (p = 0.034) and low 25OHD3 levels in males (p = 0.009), and iii) rs12721377 AA associated with low 25OHD3 levels in females (p = 0.039). Notably, none of the common haplotypes (6 in the GC gene and 3 in the VDR gene) were associated with BMI. Therefore, polymorphisms in the GC (rs2282679, rs4588, rs7041) and VDR (rs12721377) genes were independently associated with obesity and 25OHD3 levels with a clear sex dimorphism. Almesri et al., 2014 Obesity and polymorphisms of genes in vitamin D pathway 3
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Introduction
Recent epidemiological studies revealed high rates of obesity in all Gulf Cooperation Council (GCC) countries, including Bahrain. Obesity is an alarming predictor of many serious conditions, including type 2 diabetes mellitus (T2DM), heart diseases, dyslipidemia, and others (Kilpi et al. 2014) . Like many complex metabolic diseases, obesity is a multifactorial disorder affected by the environmental and genetic factors. One of the environmental factors associated with obesity is vitamin D deficiency (Compston et al. 1981; Vanlint 2013) . Vitamin D levels, are also affected by genetic and environmental factors (Engelman et al. 2008) . It is noteworthy that both obesity and vitamin D deficiency are becoming increasingly more frequent in the GCC region (Fields et al. 2011; Musaiger 2011) .
Vitamin D regulates body calcium levels and bone mineralization, and its deficiency leads to rickets and bone diseases (Greer and Marshall 1989; Stamp 1973) . In the last few decades, the vitamin D endocrine system has been described (Walters 1992) . Its deregulation was found to be associated with a multitude of disorders, including diabetes, insulin resistance, and obesity (Wacker and Holick 2013) . Furthermore, vitamin D-related disorders may also occur on the background of normal plasma vitamin D levels. Thus, molecular defects downstream of the vitamin D pathway, including disturbances in plasma binding proteins (DBP), vitamin D receptors (VDR), and DNA elements, which are sites of vitamin D actions, are possibly involved in disease development (Uitterlinden et al. 2004 ). The DBP is encoded by the group-specific component gene (GC) . Allelic variations in VDR and GC genes were found to be associated with low circulating vitamin D levels (Engelman et al. 2008; Morrison et al. 1992) .
Vitamin D has both nuclear and cytoplasmic actions (Norman 1998) . In the nucleus, gene expression in target tissues is regulated via binding of 1,25(OH)2D3 to the specific D r a f t
Page 4 of 24 Almesri et al., 2014 Obesity and polymorphisms of genes in vitamin D pathway 4 cytosolic/nuclear VDR protein, a member of the steroid/thyroid hormone-receptor superfamily (Mangelsdorf et al. 1995) . However, vitamin D also acts via a non-genomic pathway through the putative membrane vitamin D receptor (mVDR), which might be responsible for vitamin D rapid effects (Nemere et al. 1998 
Blood samples collection
Collections of almost all patient specimens were timed around regular blood draws that were part of the routine workout to prevent additional phlebotomy. Blood was collected into EDTA tubes after a vein puncture in patients who fasted overnight for 10-12 h. The buffy coat was stored separately for DNA extraction and subsequent genetic analysis. The plasma was transferred into plain tubes, acidified with 1/10 volume of 1 M HCl solution, and stored at -80 °C until assayed. Blood also was collected into plain tubes, the serum was separated by centrifugation and stored at -20 °C.
D r a f t
Page 6 of 24 Almesri et al., 2014 Obesity and polymorphisms of genes in vitamin D pathway 6
Measurements of plasma vitamin D levels
Serum 25-hydroxyvitamin D (25OHD3) concentration was measured as this is the primary circulating form of vitamin D. For the quantitative determination of 25OHD3, chemiluminescent microparticle immunoassay (CMIA) was performed using Abbott Architect analyzer according to the manufacturer's instructions. Six calibrators were used to standardize the assay and two controls (low and high) were used to monitor Internal Quality Assurance IQA.
Chemiluminescent microparticle immunoassay (CMIA)
Plasma 25OHD3 levels were measured using a standard procedure at the Salmaniya Medical 
Genotyping of Vitamin D receptor (VDR) and vitamin D binding protein (GC) genes

DNA extraction
Total genomic DNA was extracted from the leukocyte-rich buffy coat layer using a QIAamp For SNP Hardy-Weinberg Equilibrium (HWE) tests, an online calculator was used. If the calculated chi-square value was ≥3.841, the hypothesis under consideration (i.e., the probability of the population being in the H-W equilibrium for that allele) was considered true and the null hypothesis was rejected (Rodriguez et al. 2009 ). Haploview 4.2 program was used for calculating patterns of linkage equilibrium (LD) and haplotype selection.
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Results
Minor allele frequencies (MAF) and genotype prevalence of studied polymorphisms
As shown in Table 2 , MAFs of the studied SNPs varied between 0.077 (rs12721377 AG) and 0.460 (rs7041 GT). The prevalence of rare genotypes among the tested SNPs ranged between 0.5% (rs12721377 AG) and 14.9% (rs2298849 TC). Genotypes of rs7041 GT, rs731236 TC, and rs2298849 TC SNPs were predominantly heterozygous (48.5%, 46.2%, and 45.1%, respectively). The prevalence of other genotypes is shown in Table 2 .
Investigation of possible associations of VDR and GC SNP genotypes with obesity and plasma 25OHD3 levels
As indicated in Table 3 , none of the genotypes of studied VDR polymorphisms (rs731236 TC and rs12721377 AG) was associated with obesity. BMI values of the carriers of rare and common homozygous and heterozygous genotypes were not significantly different (p = 0.664 and p = 0.608, respectively, KW test). With regard to GC polymorphisms, subjects with the rare homozygous genotype of rs7041 GT had the highest BMI value (29.6, 26.0-34.6; median, 25%-75%), which was significantly higher than that of subjects with the common homozygous genotype (27.0, 23.5-31.7; p = 0.012, KW test). Differences in BMI values between the carriers of rare and common homozygous and heterozygous genotypes for other GC SNPs (rs2282679 AC, rs4588 CA, and rs2298849 TC) were not significant. Furthermore, carriers of rare and common homozygote and heterozygote genotypes of each of the six examined SNPs had comparable levels of 25OHD3.
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Associations of VDR and GC minor alleles with obesity and plasma 25OHD3
The minor alleles of the two VDR polymorphisms rs731236 TC and rs12721377 AG were not associated with BMI. Among studied GC polymorphisms, only the rs7041 GT minor allele ( 
Association of VDR and GC haplotypes with obesity
We used Haploview 4.2 program to identify haplotypes with a frequency ≥ 1% and to establish links between haplotypes in the two blocks ≥ 10% ( Fig. 2A) . None of the relatively more frequent haplotypes (≥ 5%) in the two blocks (3 in the VDR gene and 6 in the GC gene)
was associated with BMI in this setting (Table 4 ). The strongest links between the haplotypes in the two blocks were links of CG with CATC and ACGC and links of TG with CATC (Fig. 2B) .
Influence of sex on the association of VDR and GC genotypes with BMI and 25OHD3 levels
Of the examined SNPs, only rs7041 genotypes were associated with BMI when all study subjects were pooled together (Table 3) . However, after subgrouping subjects by sex, we found that the difference in BMI between the rs7041 genotypes remained statistically significant only in females (p = 0.003), but not in males (p = 0.797). Furthermore, we observed statistically
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In addition, we observed a significant effect of sex on the association of two SNPs with 25OHD3 plasma levels ( Table 5) . Females with distinct rs12721377 genotypes (AA, AG, and GG) had significantly different 25OHD3 plasma levels (p = 0.039), whereas no such differences were detected in males with the same genotypes (p = 0.096). In contrast, we observed significantly different 25OHD3 plasma levels in males with distinct rs4588 genotypes (CC, CA, and AA; p = 0.009), while no rs4588 genotype effect was noted in females (p = 0.747).
Linkage disequilibrium (LD) between tested VDR / and GC polymorphisms
As shown in Fig. 2A , rs731236 TC and rs12721377 AG, the two VDR SNPs in block 1 (chromosome 12), showed weak LD. On the other hand, the four GC SNPs showed much stronger LDs. The strongest LD was noted for rs4588 CA with rs7041 GT, followed by a slightly weaker LD for rs4588 CA with the remaining two SNPs, rs2282679 AC and rs2298849TC. The
LDs between other GC SNPs were weak. The linkage of haplotypes in the two blocks, VDR and GC, was the strongest between CG and TG haplotypes in block 1 (VDR) with CATC and ACGC in block 2 (GC) ( Fig. 2A, B ).
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Discussion
The vitamin D endocrine system plays an important role in metabolism through genomic and non-genomic effects (Norman 1998) . Available experimental evidence suggests that in addition to plasma vitamin D levels, polymorphisms of genes encoding downstream proteins in the vitamin D pathway are important factors in obesity (Jiang et al. 2007 ) and related metabolic abnormalities (Al-Daghri et al. 2014; Ye et al. 2001a ). Our unpublished data showed that low plasma vitamin D levels were associated with obesity (manuscript in preparation). Thus, we sought to explore this association on a molecular level.
In the present study, we found associations of several GC polymorphisms with plasma vitamin D level and BMI. However, the two types of associations were independent of each other. For example, the rs7041 GG genotype and rs7041 minor allele G, were significantly associated with high BMI, while none of the two was associated with vitamin D levels. In contrast, the minor alleles of the GC polymorphisms rs2282679 AC and rs4588 CA were significantly associated with plasma vitamin D levels, but not with BMI. Together, these findings showed the influence of several GC polymorphisms on obesity regardless of plasma vitamin D levels. However, neither of the two examined VDR polymorphisms rs731236 TC and rs12721377 AG was associated with obesity or plasma vitamin D levels in this study. Furthermore, none of the 3 predominant VDR haplotypes or 6 predominant GC haplotypes showed any association with BMI. In addition, the combination of SNP minor alleles, which showed association with BMI or with plasma 25OHD3 levels, failed to demonstrate any association with BMI (data not shown). pathway genes are unlikely to have a major role in obesity-related traits in the general population" (Vimaleswaran et al. 2013) .
Among the tested SNPs in this study, the GC polymorphism rs7041 GT had the strongest association with obesity. However, neither the minor allele nor genotypes of this SNP were associated with plasma 25OHD3 levels. This SNP was found to be associated with low 25OHD3 plasma levels in several ethnic groups, including African Americans (Engelman et al. 2008 ),
Chinese in Singapore (Robien et al. 2013) , and Europeans with T2DM (Strawbridge et al. 2014).
Although it was not associated with obesity in our study, the rs4588 minor allele CA, (but not the genotypes), was significantly associated with low plasma vitamin D levels. The association of the rs4588 CA SNP with vitamin D levels was also recognized in other studies that involved different ethnic populations, e.g., African Americans (Engelman et al. 2008) , Chinese in Singapore (Robien et al. 2013) , and Danish (Nissen et al. 2014) . Interestingly, rs7041 GT was in strong LD with rs4588 CA, but not with the remaining two GC SNPs, while rs4588 CA was the only SNP in this study that was in strong LD with all GC SNPs.
We found that a minor allele of another GC polymorphism, rs2282679 AC, was significantly associated with low plasma vitamin D levels. In a genome-wide association study of 16 cohorts from Europe, the rs2282679 SNP was found to be significantly associated with 25OHD3 deficiency (Wang et al. 2010 ). Other studies also showed the association of this SNP with plasma vitamin D levels in different populations, e.g., in Japanese (Yoshida et al. 2014) , French None of the two examined VDR polymorphisms, rs731236 TC and rs12721377 AG, was associated with obesity or plasma vitamin D levels in this study. The former SNP was found to be associated with obesity in the Greek population (Vasilopoulos et al. 2013 ), French Caucasians with early onset of T2DM (Ye et al. 2001b) , and children and adolescents in Brazil (Ferrarezi et al. 2012 ). In addition, rs731236 TC was reported to be associated with vitamin D deficiency in Brazilian girls (Santos et al. 2012) . In contrast, rs12721377 AG was not associated with obesity Our unpublished data suggested a sex-dependent association between plasma vitamin D levels and obesity, as well as showed lower plasma vitamin D levels in females compared to males (manuscript in preparation). The association of vitamin D deficiency with sex was previously reported (Valtueña et al. 2013) , especially in morbid obesity (Johnson et al. 2012 ). Accordingly, we reanalyzed the association of both GC and VDR polymorphisms with obesity (BMI) and 25OHD3 levels in males and females separately. The obtained results were intriguing, as the least prevalent polymorphism, rs12721377 AG, which was not associated with 25OHD3 levels or BMI when all subjects were pooled, showed a significant association with lower 25OHD3 plasma levels for the rare genotype (AA) in females only. Similar sex-dependent association with vitamin D levels was observed in females with the rs4588 CA genotype, but not in the male group. Association of the same SNPs with BMI also showed sex dependence. The abovementioned association of rs7041 GT genotypes with BMI in the total study population remained significant only in females, when each sex in considered separately. Furthermore, a significant association of BMI with rs4588 CA genotypes was also limited only to females.
Collectively, these results revealed differential sex-dependent associations of BMI and vitamin D levels with examined VDR and GC polymorphisms. Effects of SNP sex dimorphisms on obesity 
Conclusions
In summary, both the minor allele and rare genotype of the rs7014 GT were found to be associated with obesity (high BMI), while they did not affect plasma vitamin D (25OHD3) levels. In addition, the minor alleles of rs2282679 AC and rs4588 CA SNPs were associated with lower vitamin D levels, but had no effect on obesity. However, when males and females were considered separately, the above associations remained significant only in subjects of one of the two sexes. Separate analysis of same sex subjects also uncovered additional significant associations. Two major conclusions can be reached from our observations: i) the influence of GC polymorphisms on obesity can be independent of their effect in plasma vitamin D levels, and ii) association of GC and VDR polymorphisms with obesity and vitamin D levels shows sex dimorphism in Bahraini Arabs. Both sets of findings will need further experimental verification and validation in larger cohorts of subjects.
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